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Anthony del Duca, Garden Grove, Catif., assignor, by 
mesne assignments, to the United States of America as 

e A ~ ~ ~ ~ s ~ a ~ Q r  of the National Aero- 
nautics and Space A d m ~ ~ i s ~ a t i Q n  

Filed Sept. 3, 1965, Ser. No. 484,855 
U.S. 61. 235-194 6 Claims 
Int. C1. 606g 7/16 

The invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
ject to  the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435, 42 U.S.C. 2457). 

This invention relates to analog computing apparatus 
and more particularly to an improved electronic divider 
and multiplier. 

This improved dividing and multiplying apparatus com- 
prises a pair of voltage dividing networks. One voltage 
dividing network is employed to produce an output signal 
that is proportional to a first input signal e, applied there- 
to divided by a second input signal e2 applied to the 
second voltage dividing network and multiplied by a 
third input signal e3 applied to a means for producing the 
difference e between the third input signal e3 and a signal 
proportional to the second input signal e2 derived from 
the second voltage dividing network. Each voltage divid- 
ing network comprises a photoconductive device in series 
with a resistor. 

A light emitting device, which emits light in propor- 
tion to an electrical signal applied thereto, is connected 
to the output of the differential means and optically cou- 
pled to both photoconductive devices. If the difference e 
increases, the light intensity received by the photocon- 
ductive devices increases. Since both photoconductive 
devices are equally coupled to the light emitting device, 
the one voltage dividing network provides an output 
signal eo that is proportional to an input signal el applied 
thereto, divided by a second input signal e2 applied to the 
other voltage dividing network, and multiplied by the third 
input signal e3 which is applied directly to the differential 
means. 

In such an improved analog computing apparatus, any 
of the input signals el, e2 and e3 may be a constant or 
reference to obtain simply a ratio of two signals or simply 
the product of two signals. 

An object of this invention is the provision of an im- 
proved apparatus for multiplying and dividing analog 
electrical signals in an arrangement for such computa- 
tions at a cost lower than other arrangements which are 
presently in use such as potentiometers driven by servo 
motors: relav switches and fixed resistors to establish con- 
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ductances proportional to  multipliers and dividers; and 55 
expensive operational amplifiers and associated inter- 

potential. Although ground here employed as the source 
of reference potential for both photoconductive devices 
11 and 15, it should be understood that each may be 
connected to an independent source of reference potential. 
First and second input signals el and e2 are connected to 
the input terminals 12 and 16. 

The junction between the resistor 14 and the photo- 
conductive device 15 is connected to an input terminal of 
a differential amplifier 17. A third input signal is applied 
to the other input terminal 18 of the differential ampli- 
fier to provide an error or difference signal e to  a high- 
gain amplifier 19 which energizes a light-emitting device 
20 such as an electroeluminescent e l l  or incandescent 
lamp. 

is optically coupled to  
the two photoconductive cells 11 and 15. The two photo- 
conductive devices have substantially identical electrical 
characteristics and are both placed in the same housing 
21, preferably made of opaque material in order that they 
may both be exposed to the same light from the device 
20. However, it can be shown that similar results are ob- 
tained if the resistance of the photoconductive cell 11 is 
equal to the resistance of the photoconductive cell 15 
times some constant, rather than equal to the resistance 
of the photoconductive cell 15, provided the resistor 10 
in series with the photoconductive cell 11 is equal to the 
resistance R of the coupling resistor 14 times the same 
constant. This circuit is capable of performing both 
multiplication and division with a time constant of a few 
milliseconds which is determined primarily by the re- 
sponse of the feedback path comprising the 1 
device 20 and the photoconductive device 

In one specific emibodiment which has been built and 
successfully tested, a cadmmium selenide photoconductive 
cell was selected having a rise time of less than four milli- 
seconds and decay time of less than three milliseconds 
with an average resistance of 50K ohms. The coupling 
resistors 10 and 14 were then selected to have approxi- 
mately the same impedance, or 51K ohms. In order that 
the photoconductive devices have substantially identical 
electrical characteristics, dual element photoconductive 
cells were selected since, in the fabrication of a dual ele- 
ment photoconductive cell, the separate photoconductive 
elements are produced, as by vapor deposition techniques, 
on the same substrate at the same time and placed in the 
same cell package. In that manner, the operating char- 
acteristics of both photoconductive devices will be as 
close to the same as possible. 

With an amplifier 19 of sufficiently high gain, the feed- 
back provided by the connection of the junction between 
the resistor 14 and the photoconductive device 15 to one 
input terminal of the differential amplifier will be in ac- 
cordance with the following equation: 

The light emitting device 2 

where the voltage signal e3 is an input voltage applied to connecting networks. 
The invention, both as to its organization and opera- th&”input tsrminal 18 represents the value resistance 

tion may be understood by reference to the following 14, e2 represents an input signal applied to the input 
description taken in conjunction with the accompanying 60 terminal 16. The foregoing equation holds because the 
drawing in which an electronic divider-multiplier con- value of the photoconductive device 15 which is equal to 
structed in accordance with the teachings of the Present y1 is controlled by the light htensity from the light emit- 
invention is shown. ting device 20 which, in turn, is controlled by the output 

Referring to the drawing, the electronic divider-multi- signal e from the differential amplifier 17. Thus with the 
plier circuit comprises two voltage dividing networks. The high gain amplifier 19 energizing the light emitting de- 
first consists of a resistor 10 and a photoconductive device vice 20, feedback through the optical coupling to the 
11 connected in series between an input terminal 12 and photoconductive device 15 maintains the difference signal 
a source of reference potential. The second voltage di- e from the diffexential amplifier 17 at  substantially zero 
viding network consists of a coupling resistor 14 and volts to maintain the equality of Equation 1. In other 
second photoconductive device 15 connected in series words, if the difference between the input voltage e3 and 
between an input terminal 16 and a source of reference the voltage signal at the junction between the resistor 14 
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and photoconductive device 15 is equal to zero, the input 
voltage e3 must be equal to the input signal ez times 

rl 

RSrr 
The resistance value rl of the photoconductive device 15 
can be derived from Equation 1 as follows: 

- 

It should be noted that the resistance rz of the photo- 
equal to the resistance 

Referring now to the first voltage dividing network, it 
may be seen that a n  equation can be written for the out- 
put signal eo at the output.termina1 

Since as just noted, the resistance rl of the photoconduc- 
tive device 15 is the same as the resistance r, of the photo- 
conductive device 11 because both are in the same hous- 
ing exposed to the same light intensity from the light 
emitting device 20, the value of the resistance rl obtained 
from Equation 2 may be substituted for the value rz in 
Equation 3 to obtain the value of the output signal eo as 
a function of the input singals el at the input terminal $2, 
e2 at the input terminal 16 and e3 at the input terminal 18 
os follows: 

(4) 
Thus the electronic multiplier-divider circuit shown pro- 
vides an output voltage that is proportional to a first in- 
put signal divided by a second input signal and multiplied 
by a third signal any one of which may be a constant 
rather than a variable. For instance, if the third input 
signal e3 is a variable rather than a constant, and the input 
signal ea at the input terminal 16 is a constant reference 
voltage, the circuit ,arrangement will provide an output 
signal eo that is proportional to an input signal el multi- 
plied by a second input signal e3 according to  the follow- 
ing equation: 

eo=Klele3 (5) 
where the constant K1 is equal to the absolute vqlue of 
Ilea. But if the input signal e3 is a constant K2, and the 
input signal ez is a variable, the output signal eo is pro- 
portional to the ratio of the input signals according to the 
following equation: 

In a preferred embodimeint, the differential amplifier 
comprises a pair of transistors, preferably of the field- 
effect type, connected in the usual manner of difference 
ampli5era in general as described by Millman and Taub 
at page 20 of Pulse and Digital Circuits published by 
McGraw-Hill Book Company ( 1956). However, it should 
be understood that any circuit for obtaining the difference 
between two signals may be employed. The high gain 
amplifier 19 may consist of two transistor amplifier stages 
connected in cascade followed by a thicd stage with the 
light emitting device 20 in the emitter circuit. The light 
emitting device 20 is prefersvbly of the incandescent type 
comprising a coiled tungsten filament operating at about 
3 volts. 

While the principles of the invention have now been 
made clear in illustrative embodiments, there will be 
i,mmediately obvious to those skilled in the art many modi- 
fications in structure, arrangement, proportions, the ele- 
ments, materials, and components, used in the practice 
of the invention, and otherwise, which are particularly 
adapted for specific environments and operating requiTe- 
ments, without departing from those principles. The ap- 
pended claims are therefore intended to cover and em- 
brace any such modifications, within the limits only of 
the true spirit and scope of the invention. 

What I claim is: 
1. In combination: 
a light emitting device which emits light in proportion 

to an electrical signal applied thereto, 
first and second photoconductive devices optically cou- 

pled to said light emitting device, each of said photo- 
conductive devices having a conductance between 
two terminals which is proportional to the intensity 
of light coupled thereto from said light emitting de- 
vice, and each having a first one of its two terminals 
connected to a source of reference potential, 

first and second input terminals adapted to be connected 
to respective first and second signal sources, 

a first resistor coupling said first input terminal to a 
second terminal of said first photoconductive device, 

a second resistor coupling said second input terminal 
to a second terminal of said second photoconductive 
device, 

means for producing the difference between two electri- 
cal signals, said means having two input terminals 
and one output terminal, a first one of said latter 
input terminals being connected to a junction between 
said first photoconductive device and said first re- 
sistor, a second one of said latter input terminals 
being adapted to be connected to a third signal 
source, and said output terminal being coupled to 
said light emitting device to apply an electrical signal 
thereto, 

and an output terminal connected to a junction between 
said second photoconductive device and said second 
resistor. 

2. The combination as defined in claim f wherein the 
conductance characteristics of said first and second photo- 

3. The combination as defined in claim 2 wherein each 
of said first and second photoconductive devices has one 
of its two terminals connected to a common source of 
reference potential. 

4. The combination as defined in claim 11 wherein said 
output terminal is coupled to said light emitting device by 
a high gain amplifier. 

conductance characteristics of said first and second photo- 

6. The combination as defined in cjaim 5 wherein each 
of said first and second photoconductive devices bas one 
of its two terminals connected to  a common source of 
reference potential. 
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